REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 69, NUMBER 5 MAY 1998
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Laser-induced cooling of a solid by net anti-Stokes fluorescence, first experimentally demonstrated
in 1995, can be the basis of a new type of cryocoolemtical refrigerator. This article describes

the physics and design issues of a practical optical refrigerator for operation at 77 K. In particular,
the Los Alamos Solid-State Optical RefrigerattASSOR which we are developing would have

an operating efficiency comparable to commercial small cryocoolers, be completely vibration-free
and operate for years without maintenan&0034-67488)02205-9

I. INTRODUCTION quired wavelength. An optical fiber carrying the pump radia-

Recent laboratory measurements demonstrated Ias,etr'pn passes through the wall of the cryocooler vacuum

induced optical refrigeration in both solid and liquids®5 chamber to a cylindrical block cooling element. Dielectric

It is possible to pump a solid with monochromatic radiation"'"TO"S for reflecting the pump radiation are deposited on

such that the resulting fluorescence has an average photgﬁ)th ends of the cooling element. The pump radiation enters

energy higher than that of the pump radiation. If the fluores—the cooling element through a small hole in one of the mir-

cent quantum efficiency is high enough, the solid will cool.0rs and is largely beamed along the axis of the cylinder.

The first experimental demonstration of cooling, using ar1This light is repeat_edly reflected betwe_en the die_lectric mir-
ytterbium-doped fluoride glass, operated with a 2% cooling®'s @nd from the sides of the glass cylindey total internal
reflection until it is entirely absorbed by Y8 ions. The

efficiency?
The )(;esign studies described in this article show that thig®"S Subsequently fluoresce isotropically in a broad spectral
optical refrigeration can be used to produce a practical firstba”‘.j' Most of the flgorescent radiation escapes from the
generation Los Alamos Solid-State Optical Refrigeratorc0ling element and is absorbed by the warm walls of the
(LASSOR which, using currently available solid-state tech- €00ling chamber. The object to be coolghe cold finger in

nology, would Fig. 1) is mounted on one of the mirrors of the cooling ele-
ment and is thus shielded from the pump and fluorescent
(i)  produce no vibrations, and radiation.
(i) neither generate nor be affected by electromagnetic  The design of each component in a LASSOR requires
interference. tradeoffs and optimization. In the following sections we ex-
We estimate that this device would amine some of these considerations and their effects on the

. performance of the cooler.
(i) cool to <77 K from room temperature,

(i)  convert~0.5% of the applied electric power to heat
lift at 77 K,
(iii) weigh less than 2 kg per W of cooling power, and

(iv) have a continuous operating lifetime of years. 1. Cooling element material:

The cooling material must exhibit anti-Stokes fluores-

Il. FIRST-GENERATION LASSOR cence with a high quantum efficiency. Additionally, parasitic
processes must not convert the pump radiation to heat at a
rate that competes with the expected cooling. These require-

Figure 1 illustrates one design for a LASSOR that wouldments are well satisfied by ultrapure ZBLANP3b
produce 0.5 W of cooling at 77 K with efficiency comparable The YB*" ion has a simple energy level structure con-
to that of small commercial mechanical cryocoolers. Thissisting of a ground-state and a single excited-state manifold
design is based on a cooling element of *Yisloped at~10 000 cm? (see inset of Fig. R The room temperature
ZBLANP (a heavy metal fluoride glass containing zirco- fluorescence and absorption spectra of ZBLANPYb
nium, barium, lanthanum, aluminum, sodium, and Jead shown in Fig. 2 indicate that if the Yb deexcites by photon

This design employs recently developed high-power di-emission with~100% quantum efficiency optical refrigera-
ode lasers that efficiently produce pump radiation at the retion is achievable with this material. Each fluorescent photon

A. Overall design
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decay lifetime, which involves the simultaneous emission of
more than 15 phonons, is inferred from an “energy gap law”
to be much greater than a yéear!

If multiphonon emission were the only nonradiative pro-
Low cess, essentially all of the decays would occur radiatively.
i g{firsrgi%lit Nonradiative transitions can be a problem, however, when
Coating Y contaminants are present. A ¥b excitation can be
Cooling quenched by transferring its energy to a nearby contaminant
Element | ion such as Dy", Sn*, Fe", etc. These impurity ions
Dielectric would quickly produce heat through nonradiative decays.
Mirrors The severity of this problem is amplified by spatial migration
processes in which excitations move among neighboring
Yb3* ions increasing the chance that the excitations will find
Optical Fiber a quenching impurity.

The absorption and fluorescence spectra vary with tem-
perature and change the performance of the syStsve
have measured the absorption and fluorescence spectra of
) _ ZBLANP:Yb®' over a wide temperature range and have fit
carries off, on average, thermal energy equal to the differyhe energy levels, widths, and probabilities for transitions
ence between the pump photon and the mean energy of thg.\yeen each of the states. Our model assumes that the rela-
fluorescent photons. Since the mean energy of the fl_uoresceﬁ\t,e energy level populations among the states within each
photons corresponds to a wavelengthhaf=995 nm, if the  manifold (lower and upperfollow Boltzmann distributions
ion is pumped with radiation at wavelengths greater than 99%,, e sample temperaturéThe relative populations of the
nm, energy is removed from the system, and the glass coolg,,q manifolds, however, depend on the laser pumping rate
When there are no parasitic heat sources, the cooling powesq is far from thermal equilibriupn
Peool, s proportional to the absorbed pump poweg,s, and In Fig. 3 we show the measured fluorescence and ab-
to the average difference in the photon energies of the PUMBorption spectra for ZBLANP: Y& at temperatures between
and fluorescent radiation. In terms of wavelengtiof the 19 and 300 K. Along with the measured spectra are our fits
pump radiation, the cooling powetco i as discussed above. A single set of parameters describing the

Peool M) =Papd M) (A —=Xp)/Ng= 7P aps ) widths,_transition strength_s, and energy Ieyels are used for all

) L . of the fits. The change with temperature is due to the popu-

Since the_coolmg IS, aF most, severgl percent efﬂment., Fation change as descibed by the Boltzmann distribution.
small fraction of the excitations decaying by heat'pmducmg\/ariations in the width, which have been recently measfired,
Processes V‘:ﬂl overwhelm the optical refrigeration. In purepaye not peen included in this model. The temperature de-
ZBLANP:Yb th'sf IS npt a problem. The radiative "f?‘“me pendent characteristics of the measured data are reproduced
of the upper manifold is~2 ms, whereas the nonradiative sufficiently well by our model to predict the performance of
a cryocooler. As the temperature decreases, the mean fluo-
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FIG. 1. A possible LASSOR design.

Yb3+ Doped ZBLANP Absorption and Fluorescence rescent Wavelength_ shif_ts_t(_) longer values and the long-
10 . . = L wavelength absorption diminishes. Both effects decrease the
’ sl absorption optical refrigeration effect at low temperatures.
gé) E fluorescence
» 0.8 S|o
'z ZE . .
§ e é 2. Cooling element pumping
E 0.6 g = To realize the greatest cooling efficiency the pump ra-
% 04 '\ - R | diation should have the longest possible wavelength consis-
e \\ tent with being absorbed in the cooling mateiiake Eq.
N (2)]. Since the absorptivity decreases at long wavele(sgth
0.2r ‘. 1 Fig. 2, satisfying these two conditions requires that the ra-
\~~ diation be trapped in the cooling element until it is absorbed.
0.0 - , . — Additionally, the system must allow for the fluorescence to
850 900 950 1000 1050 1100 escape with little reabsorption.
wavelength (nm) In the first-generation LASSOR design dielectric mirrors

FIG. 2. Main plot—Absorption coefficienfsolid curve and fluorescence on the ends O,f the Coo“ng element_trap the pum_p radiation.
spectrum(dashed curveat room temperature for ZBLANP: ¥ glass. The ~ 1he laser radiation enters the cooling element in a narrow
wavelength corresponding to the mean energy of the fluorescent phetons, cone aligned with the axis of the cylinder. The divergence is
is indicated by a vertical line at 995 nm. Inset plot—The schematic energysufficiently low that the light is almost perfectly reflected
level structure of ZBLANP:YB'; the splittings within each group have from the dielectric mirrors at the ends or by total internal
been exaggerated for clarity. The arrows denote a cooling cytidaser . . . .
reflection from the sides of the cooling element. The trapping

pumping, (2) phonon absorption(3) radiative decay, and4) additional i : ) - )
phonon absorption. efficiency is determined by the quality of the glass, mirror
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FIG. 4. Calculated cooling efficiency vs temperature &5 and 25 m
pathlength of 2% YB'-doped ZBLANP. The dashed line gives the thermo-
dynamic limit on the cooling efficiency for the Yb-based optical refrigerator
(see the Appendjx

mirrors. In the current design, which uses a 0.4 mm
diam hole and 30 mm diam mirror, the leakage per
reflection is<10 2.

With these mirror and hole characteristics, assuming that
the cylinder is uniformly filled, light pumped in through the
entrance hole will be trapped for 2000 passes on the average.
This corresponds to a 50 m trapping length in a 2.5 cm long
cylinder. Assuming that other losses will affect the trapping
ability of this design we have based our calculations on trap-
ping lengths of 5 and 25 m. Figure 4 shows that with these

JRL
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Wavelength (nm)

trapping path lengths useful cooling efficiency can be
achieved in a ZBLANP:YB" to below 70 K. With a 25 m
pathlength, light to cooling power conversion efficiencies of
1.3% should be attainable at liquid nitrogen temperatidre

X e K). These efficiencies are well below the thermodynamic
(dashed lingemission spectra for ZBLANP: Y4 glass at 10, 50, 100, 150, limit f Yb-b d ical fri f th R d
and 300 K. The lower plot shows the absorption dataid line) and model imit for a -based optical refrigerator of the size an

fit (dashed ling for the same temperatures. All of the spectra have beenpower consideredsee the Appendjx
normalized to the main peak for clarity. In the model we fit the transition In the situation presented here, with isotropic fluorescent
strengths and the energy, and width of the levels in all of the spectra SimUIfadiation emitted from a uniformly pumped cylinder the
taneously. Gaussian line shapes were used instead of a Voigt profile. The . .. .
population of the energy levels are based on a Boltzmann distribution. Thélmount of emitted radiation that escapes from the cyllnder
model fits accurately reproduce the mean fluorescence and the absorptisdith one or fewer internal reflections can be calculated using
tails at wavelengths Iong_er than 1000 nm. The deviations _betwee_n the modglimp|e ray-tracing methods. The fraction escaping from the
and data are largely attributable t'o our neglect of thg Voigt prpﬂle and the'endS of the cylinder will be a cone with a half angle less than
temperature dependence of the linewidths. These discrepancies do not Slﬁﬁ_ . . . ..
nificantly affect the performance estimate. e internal reflection angle for all emitted radiation. The
light escaping out the sides of the cylinder must be calcu-

lated by integrating them over each axially symmetric ring of

construction, and the ratio of the mirror area to the area ofMmitting glass. In an ideal ZBLANP cylinder with equal
the entrance hole through which the pump light enters. Sevength and diameter dimensions 78% of the fluorescence es-

eral practical considerations determine the attainable trapg-apes with less than two internal reflection from a surface.
ping efficiency: When the cooling element has perfect broadband mirrors on

. . . , . both ends, 48% of the light escapes with less than two inter-
(i) Commercially available dielectric mirrors have reflec- o refiections. Most of the fluorescence that is trapped by

tivities R>99.97% for angles within 30° of normal. jternal reflections is reabsorbed and then reemitted by the
Most of the remaining light leaks through the mirror. yp+3igns.

Only about 1% of the unreflected light is absorbed in
the mirror and converted into heat. o
(i) Because trapped light escapes through the entrancg Radiation control
hole, the light leakage per reflection is equal to the  An important part of the design of an effective optical
ratio of the area of the hole to the total area of bothrefrigerator is controlling the flows of both fluorescent radia-

0.001

FIG. 3. The upper plot shows the measur@tlid line) and model fit
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FIG. 6. The minimum mass of the cooling element of a 0.5 W,

Pump laser ZBLANP:Yb®* optical refrigerator.
[OShadowed regions
[Fluorescent radiation field 4. Cooler power
ooling element The maximum energy an optical refrigerator could ex-

FIG. 5. Cooling element and cold finger design. The input laser light ist'2Ct d€PeNdSs on the mass of the cooling element, thie" Yb

shown as solid lines and the fluorescence as dashed. Light gray areas sh&®@ncentration, and the operating temperature. The cooling

where the fluorescent radiation field is most intense. White regions are repower is
gions in the shadow of the dielectric mirrors. These shadowed regions are

not completely free of fluorescent radiation due to leakage through the di- Pcoo|: 77Pab3~ 77h v,:N(Yb* )/trad. (2)
electric mirrors. An additional metal mirror and baffles prevent any fluores- . .
cent radiation from reaching the objects to be cooled. where hVF_ hC/)\F is the mean energy of the fluorescent

photons, NYb*) is the total number of excited ytterbium
ions in the cooling element, ang, is the radiative decay

tion and thermal radiation between the cooling element an§Me scale of the excited ytterbium ions. Radiative pumping

the walls. To decrease the heat load on the cooling elemefMNOt raise the occupation number of an energy level in the
o . excited manifold to a value greater than that of the of the
from the thermal radiation of the walls, low emissivity coat-

. . umped level in the ground state manifold. If the energy of
ings can be used on the walls that will reduce the therm he pumped level in the ground state manifoldgs, the
load by a factor of>10 relative to that of a blackbody \-vimum number of excited ytterbium iorN(Yb*'

surface’ These same surfaces can effectively absef5% g
of the 1 um fluorescent radiation in our design and convert it b* b Ik
to heat. These coating materials function by having a surface NCYD™)maee N(YD)exp( — Ea /KT). @)
that is smooth on the scale of thermal radiati@d um) but ~ HereN(Yb), the total number of ytterbium ions, is propor-
extremely rough on the scale of the fluorescence radidfion tional to the product of the Yb concentration and the mass of
um). The wall temperature can be limited by several meththe cooling element, ankl is the Boltzmann constant.
ods including conduction to a thermal sink. The fluorescence ~AS an illustration, Fig. 6 gives the requ;red n;gss of the
that is reflected back by these coatings will add only abouFO_Ollng element fqr a 0.5 W unit with 2 wt % .Of . For

. o . this curve we estimat&, to be the energy difference be-
5% to the outgoing fluorescent flux density in the cavity. The . X
. , tween the bottoms of the excited and ground state manifolds
light reflected from the walls cannot become trapped in th

A corresponding to the 975 nm peak in the spectrum of Big. 1
glasg element becaL.Jse. of its incident angle, o.nly a small .4 the pump radiation at=\g(1+ 7) with the efficiency
fraction (<10%) of this light can be reabsorbed in our de- given by the upper solid curve of Fig. 4. For the 0.5 W

sign. optical refrigerator to operate at 77 K, the cooler element
The fluorescent radiation field has to be carefully con-would have to be at least 6 g; this corresponds to a cylindri-

sidered in designing the connections between the coolingal element with both a height and a diameter of 1.3 cm.

element and the device being cooled. Tiéd fingermust be

thermally connected to the cooling element, yet shielded; Pump laser

from exposure to the fluorescent radiation. Figure 5 shows . . .
. . . A LASSOR requires a radiation source that is compact,
one design for the cold finger connection. A transparent ma- .. . )
fficient, reliable, and rugged and has the needed power,

terial that is a good thermal conductor is attached to the bac&/avelength, and divergence characteristics. Fortunately, re-

of the mirror opposite the input hole. A curved metal mirrorcen“y developed high-power diode lasers operate around
affixed to this conductor creates a shadowed region by blocks 02 ,m, the optimal operating wavelength, and can supply
ing both radiation leaking through the dielectric mirror andthe needed 50 W of input power. The efficier(dg electrical
stray fluorescent radiation. The cold finger connected to theo optical powey of these types of lasers can be as high as
back of the mirror is located inside the umbra of this shadow66%2°

) max
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Available high-power diode lasers have lifetimes of Qe
10 000 h. Diodes lasers being developed may have muct

longer livest! Until these lasers are available, optical refrig- Heat flux from

erators could employ redundant lasers to assure reliability cold Ioac: at T
and long operation. temperature Tg
5.8 — &
Energy and phca Fluorescent
6. Future developmental work entropy quxé?’ Refrigerator —>energy o
Combining the individual components discused above from  laser entropy fluxes

into a working practical system will require considerable op-
timization. A proof-of-principle cryocooler development ef-
fort is underway at Los Alamos National Laboratory to dem-
onstrate the basic principle of optical cooling and provideACKNOWLEDGMENTS

experience for optimizing a practical tem. Following the
xper ptmizing & practica sys wing The authors thank Timothy Pfafman and W. R. Scarlett

proof-of-principle work an engineering model for a practical . ) i )
cryocooler can be developed. Three parameters critical foflor helpful discussions and comments. This work was carried

possible applications of this technology af#} the mass of out under the auspices of the U.S. Department of Energy and
the system(2) the operating life, and3) the overall effi- Was supported in part by IGPP at LANL.
ciency.
The mass of a practical LASSOR can be estimated from
the individual componentg1) for 0.5 W of cooling power APPENDIX
the co_oling element must be-10 g, (2) an outer vacuum Thermodynamics of optical refrigeration
wall thick enough to remove waste heat could be up to 350 g,
(3) laser diodes with heat sinks would be 200 g, @da The second law of thermodynamics gives the maximum
simple dc to dc converter with housing would be 300 g. Theefficiency of an optical refrigerator if one includes the energy

thermal links and sinks would be diamond coated aluminunfnd entropy fluxes of the pump radiation and the fluorescent
or copper. A realistic estimate of the mass for a 0.5 Wradiation as well as those from the heat |6§a4 As indi-

LASSOR is about 1 kg. cated in Fig. 7, energy and entropy are removed from the

Several factors could determine the lifetime of alaser pump radiation at ratds and S, , respectively, and
LASSOR. The laser diodes are the only component of thewre added to the fluorescent radiation field at régsand
LASSOR with a known failure model0 000 h lifetimes and S The cold load at temperatufig; loses thermal energy at
increasing. If the LASSOR is used for space applications, a rateQ. and thus loses entropy at a r&e /T . An optical
radiation damage of the glass element needs to be considergstrigerator operating in steady state does not change its in-
although studies suggest that this will not be a seriousernal energy or entropy. Conservation of energy gives
problem?!? A first-generation LASSOR could operate con- . . .
tinuously for several years if improved or redundant diode EL+Qc=Ef (A1)
lasers are used. and the second law of thermodynamics states that the total

An estimate of the overall efficiency of a first-generationentropy does not decrease, i.e.,
or practical system can be calculated based on current tech-
nology: (1) the optimal cooling efficiency of the cooling el- S -5 — %>0 (A2)
ement is predicted to be 1.3% at 77 () high-performance Pt T

fiber coupling efficiency can be 95%3) three fiber cou- In terms of the laser and fluorescerfagex temperaturesT,
plings may be required for a practical devité) laser diodes _ -~ . e y
at the power and wavelength required can be 50% efficien ;ELtéSLi\?QdTF_EF ISr . Bas.(A1) and(A2) can be rewrit
and(5) thermal radiation load can be minimized through the 9
use of designed coatings on the walls. From these numbersa - [Tg
first-generation LASSOR could have a 0.5% ratio of heat lift E T_L
to dc electrical power. . _ - . :
In summary, our work illustrates the possibility of devel- The refrigerator cooling efficiency for conversion of light

opment of a new type of cryocooler that is fully solid-state 1© N€at lift is thus

FIG. 7. The energy and entropy fluxes for optical refrigeration.

+Qc

T L
Tc

and has good mass, efficiency, vibration, lifetime, and rug- QC 1—(Te/T))
gedness characteristics. Each of the components are commer- 7= — < ————————. (A4)
EL (TF /TC) 1

cially available and the scientific principles have been dem-

onstrated. Models of the principles and operations of thig-or the conditions relevant to an optical refrigerator, the flux
system show the possibility of operation at temperatures beemperature of the laser radiation is much higher than that
low 77 K with a single-stage unit. Continued engineeringfor the fluorescence which, in turn, is higher than the load
and basic research is required to optimize the proposed sysemperature; i.e.J >Tg>T.. For these limits the con-
tem. straint on the efficiency reduces to
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Tc To achieved 0.5 W of cooling power, this device uses about
UAS T T (A5) 40 W of radiation. A cylindrical cooling element with height
and diameter of 3 cm emits an average fluorescent flux of
This form is similar to Carnot efficiency, except that the —(g.9 W/cnt. To estimate the energy and entropy fluxes, we
fluorescence flux temperatufe replaces the usual tempera- take the fluorescent radiation to be uniform over the surface
ture of the hot thermal reservoir. To evaludig, we exam-  area of the cooling element and isotropic in the outgoing
ine the entropy and energy carried by the fluorescent phthemisphere. The occupation number follows the fluorescent
tons. The entropy density of photons is spectrum of Fig. 2 and has a peak value rgf n.,~5
x1078. For To,=290 K, the ambient radiation contribution
ps=kf [(1+n)In(1+n)—nIn(n)]p, de dQ, (AB) is ny,~10 22 and can be neglectedn practical optical re-
frigerators the effects of the ambient radiation are negligible.
wherek is Boltzmann’s constanp,=2e’/h%c® is the den-  The ambient radiation needs to be included in the formalism
sity of photon of states per unit energyand solid angl€),  only to ensure that the Carnot limit is never violated; iTe.,
andn (e,2) is the occupation number per state. Two sourcesnyst always excee@,, even in the limit of vanishingly
contribute to the occupation numbers, ambient thermal phosmall fluorescent fluy.
tons and fluorescent phOtonS from the rEfrigerator; ie., Using the above values, EQA]_]_) gives a fluorescent
n(e,Q)=na(e)+ne(e, Q). (A7) ter.nperature. ofg=773 K. The therquynamic limit on the
efficiency, given by Eq(A5) is shown in Fig. 4. The perfor-
The contribution of the ambient radiation at temperaflike  mance of the first-generation LASSOR will be at least a fac-
IS tor of six below the thermodynamic limit.

na(e)=[expe/kTp)— 1] 1. (A8)
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